ABSTRACT: This paper describes a simple slope displacement monitoring system based on PhotoModeler Scanner. Multi-angle images of displacement observation points located in the slope at tunnel face were rapidly acquired by a cheap and calibrated CCD camera. After the image enhancement processing, images were imported into PhotoModeler Scanner system. Then, using several software function modules to process image data, we get the X-Y-Z three component coordinate values of all the displacement monitoring points. Through a long-term monitoring, each component displacement curve of the monitoring points was drawn out. In order to test the reliability of the results, three-dimensional coordinate values of each point were measured by the high-precision total station instrument simultaneously. These three-dimensional coordinate values were treated as true values. Under the requirements of the accuracy of 0.1 mm, the displacement values of photogrammetric measurement were compared to the true values. The results showed that, RMS (Root Mean Square) values of the most points were about ±2.0 mm, in addition to very few. And the total RMS value was ±2.8 mm. It indicates that the digital close-range photogrammetry based on PhotoModeler Scanner Systerm can satisfy the requirement of the general slope displacement monitoring. Moreover, the 3D displacement values got by our way can be used to appraise the security state of slopes in similar areas.
INTRODUCTION
In the construction of tunnels, monitoring the slope stability of the tunnel entrance is particularly important because of shallow burial, weak soil and outside environmental interference. Slope displacement can be classified as sloping surface displacement monitoring and internal displacement monitoring of slope, the former is more common. At present, we mainly set up displacement monitoring points on the slope, then monitoring the displacement of these points through leveling and total station instruments. With the development of the monitoring technology, the use of close-range photogrammetric equipment and laser scanner to monitor the displacement is also increasing in recent years, and using them could get richer data (Galland et al., 2016 ; Barbarella et al., 2013) . In terms of economy and convenience, laser scanners and high-precision total stations' prices are high. And it is not convenient to use them in tunnel construction at complicated environments, especially the tunnel entrance with frequent flow of people, machinery and materials. So close-range photogrammetric method, which is cheap and gets data flexibly and rapidly, is undoubtedly a good way to the tunnel entrance landslide displacement monitoring.
Close-range photogrammetry has developed for 50 to 60 years (Bjorn et al., 1954) . With the continuous improvement of computer technology and CCD (Charge Coupled Device) digital camera performance, close-range photogrammetry has entered in the era of digital photogrammetry instead of simulation and analytical photogrammetry, so the technique of close-range photogrammetry has made great breakthrough and the cheap non-detected camera can be used to implement measurement tasks. Nowadays, close-range photogrammetry is widely applied in the fields of engineering, industrial design, heritage conservation, forestry and judicial expertise, etc.. (Stöcker et al., 2015; Galbany et al., 2015; Chen et al., 2015) Since the 1990s, the precision of close-range photogrammetry has reached about 1 mm in the field of tunnel engineering (Qiu et al., 1996) , and the study of convergence monitoring in the section of metro tunnel by Satoru et al (2002) indicated that the precision of three-dimensional coordinate has reached the level of total station by the method of close-range photogrammetry. However, there are still quite a few problems in the close-range photogrammetry at the present stage, such as only a large number of control points need to be resettled (Satoru et al., 2002) or reference scale need to be hung (Wang et al., 2005 ), then we can measure accurately, and majority of close-range photogrammetry techniques need to match particular software, but the software is expensive with weak feasibility.
According to the shortcomings of the close-range photogrammetry above, this study has designed a three dimensional displacement monitoring system for the slope at tunnel face using the close-range photograph software named PhotoModeler Scanner, which comes from EOS System Company in Canada. This software can be used in the fields of engineering, designing, archeology, medical expertizing judicial expertise, etc. to collect utility functions of camera calibration, production of identification point, image processing, extraction of feature point, etc.. Its price is very modest, and the EOS System Company also can provide a free version. After you have obtained a matching image with this software, you can get higher accuracy three-dimensional data through establishing a simple independent coordinate system or entering a few known point coordinates, which is very suitable for monitoring the slope displacement at tunnel face.
CAMERA CALIBRATION
This experiment adopts Canon 70D digital camera with 20.2 million pixels and 5472 pixels × 3648 pixels, using a 18 mm fixed focus, and the output format of image is JPEG. The main purpose of close-range photogrammetry technology is to place the recovery point of two-dimensional image into three-dimensional coordinates of the object space, and the distortion of lens will be relatively large because the elements of interior orientation in non-detected camera are uncertain. It needs to obtain precise camera parameters of the geometric parameters of digital camera to calculate the relationships between object spaces coordinates and the coordinates corresponding to the image, so we should calibrate strictly before using the digital camera.
This study adopts the calibrating procedure provided by PhotoModeler Scanner to do the camera calibration. Firstly, the study uses the features of "Print Calibration sheet(s)" module to make the calibration plate. Our study is observed in the outdoor and the target is large, so we choose "Multi-sheet Calibration" module, which can figure out inner target diameter, and then print sheets by making use of build-in computing function. Besides, this study uses 7.29 mm of inner target diameter and prints 25 papers of A4 alignment plate with advanced photographic paper. There are five target points in each paper (see Figure 1) , forming an array of 5 × 5, which adds up to 125 target points, among them, the height of two alignment plates (A and B) is higher than other calibration plates as specified in Figure 2 . The calibration plate is regularly fixed on a flat plane, and the camera is fixed on a tripod, and then angle of lens between principal optic axis and alignment plate is kept to 45°, shooting 4 banners of pictures from four directions, and rotating 90° in clockwise direction or anticlockwise direction respectively to shoot 4 pictures (see Figure 3 ), which takes principal optic axis of lens as axle. So we add up to obtain 12 pictures to import the procedure of "Camera Calibration Project", and the required parameters from each camera will dispose automatically (see Table 1 ). The value of overall residual RMS is 0.071 pixel, maximum residual is 0.1030 pixel, and Photo Coverage is 91%. Thus, the precision can meet the operating requirements. 
ACQUISITION AND ENHANCEMENT OF PHOTOS
The wall rock level of tunnel entrance observed by the experimental is V, which is mainly composed of the sandy mudstone and the sandstone with the cumulated thickness of wall rock is from 0 m to 5.9 m, and the layer of rock is thin, which is cumulated loose soil. After the side slope being layered and dug, it is thrown into the rock bolt, which is hanged and set with steel mesh, and is sprayed with concrete to be reinforced. After cutting the slope, we adopt tamping layered gravelly soil to get backfilled. Afterwards, we set clay aquiclude on the surface. Finally in the concrete herringbone skeleton revetment, we spray seed grassing, and the slope toe has retaining wall. After that the gradient of the front slope is 1:1.25. After the front slope is completed, we built 24 displacement observation points evenly on the slope, and the selected distance is 3 m -7 m. The observation point is embedded with Ø22 mm steel bar placing concrete after the slope surface being drilled, the embedment buried depth is 50 cm, the appearing end is welded with iron sheet, the symbol "Rad dot" used for software identification in the iron sheet, and the symbol is manufactured with high-level retro-reflecting material silk-screen. The symbol dot center increases the different color hairline, which is used for the entire station aiming. We can set up the camera with a tripod in a suitable location after calibrating the camera, and then shoot photos by remote control after adjusting the angle, shooting requires to cover the tested homonymy points from different angles as far as possible. Because upward slope in tunnel is too large, we will divide the upward slope into left slope and right slope to shoot, and each side of stability area should lay out three control points respectively to ensure measurement accuracy, and the point location of control points and monitoring points are shown in Figure 4 . The control points of three-dimensional coordinates can be measured and accurate to 0.1 mm by TS09 Plus total station (Leica Geosystems, Switzerland) free station method, which can build three-dimensional coordinate for software to use. After completing each photogrammetry, we test by total station, taking the test value of the total station as a true value to contrast the results of photogrammetry. Provide a reference of research result from Cheng et al. (2011) , and obtain 8 qualified photos from each portion of the upward slope as the basis of image processing. Because enhancements of own image of PhotoModeler Scanner are weak, the programming process of Matlab 2012b (MathWorks Ltd., USA) is used, general images with noises are denoising with adaptive filtering (Bhotto & Antoniou, 2012) , and the details of blurred image are disposed by the method of layering and purifying the wavelet packet (Jiang & Cui, 2015) . 
ACCURACY EVALUATION
The measurement accuracy of close-range photogrammetric method was validated by root mean squared error (RMSE) using Equation (1) (Gu et al., 2009):
Where Ei and Mi are measurement value and true value of displacement monitoring, i, N represents the number of the monitoring points. Statistical analysis was performed using SPSS 19.0 (IBM Inc., USA).
RESULTS AND DISCUSSION
Import the software into the processed image, use the function of "Automatic Target Marking" in the software to extract the central point from the monitoring point for displacement, and extract the point which is difficult to extract manually, afterwards, manually check the accuracy of center position of each point after extracting. Match the homonymy points after extracting the feature points of each image, then add three-dimensional coordinate information of control points in the menu of "External Geometry", and then open "Point table" in the menu of " Table Windows" column to export three-dimensional coordinate data of all points after treating.
Analysis of displacement
In the 24 monitoring points of displacement, there are a total of ten points in the top of slope, which numbers are 6, Figure 5 , it shows that each point of Z direction accumulates the displacement to -16.5 mm at most and -0.3 mm at least; each point of Y direction accumulates the displacement to -7.6 mm at most and -0.4 mm at least; each point of X direction accumulates the displacement to -8.0 mm at most and 0.3 mm at least, and the maximum accumulated displacement is less 0.3 mm than the controlling value. From the rate of displacement, the changing rate of each component exceeds the controlling value by 2 mm/d. In general, the variation of all the curves is more obvious at the initial stage, and the vast majority of points accumulated displacement of first 30 days occupy more than 70% of the total displacement. The displacement is gradually stabilized over time, and the speed of tail has been lower than 0.1 m/d, indicating that the slope had been basically stable by the end of the monitoring. For the three-component displacement data of each point, in total, the displacement value of the middle of the slope (maximum is -8.6 mm) is more clearly than the top of slope (maximum is -16.5 mm), however the displacement value of slope toe is most non-obvious, and the maximum displacement components is only -2.3 mm. This situation meets the rule of normal displacement of slope, thus indicating that the monitoring results are more reliable. In addition, in the place of larger displacement, especially for Z component, such as Point 7, Point 12, Point 13 and Point 15 at top of the slope and Point 16, at middle of the slope are more obvious in the monitoring term. Concrete skeletons nearby all produce cracks running through the skeleton, with a width of 0.5 mm -10 mm. The most obvious of the displacement place (Point 12), and the soil at the bottom of near skeleton appears small void. The places of obvious displacement we find have been timely and effectively treated. And the slope at tunnel face had been in a steady state by the end of monitoring.
Accuracy evaluation of measurement
Use measured values of total station as true values to compare with values of close-range photogrammetry, and calculate the RMSE of each component and the overall component of monitoring point by using Eq. (1), and then calculate each point and the overall RMSE. For detailed data, see the Table 2 . As showed in the Table 2 , the most values of RMSE are about 2 mm. For each displacement component, Y component (+ 1.8 mm) > Z component (+ 1.6 mm) > X component (+ 1.4 mm) in general, and also so is the RMSE values of most points, indicating that the accuracy of photogrammetry is lower in Y component. However, the differences between three components are smaller. For the point location, the average RMSE value of the top of slope is maximum (± 3.1 mm), the smallest value is the bottom of slope (±1.6 mm), and the value of the middle slope with ± 2.7 mm. Moreo-ver, the RMSE values of Point 8, Point 9, Point 10 and Point 11 located in the top of the slope are bigger than ±3 mm, which should be caused by the distance from the camera. It is that the target from principal point is farther, the accuracy of measurement is lower. It also can be proved from the points of the edge, such as the RMSE values of the points in the edge including Point 5 (± 4.5 mm), Point 20 (± 4.3 mm) and Point 12 (± 4.8 mm) are significantly larger. But on the whole, the total RMSE value is ± 2.8 mm, indicating that the close-range photogrammetry system can satisfy the requirements of normal displacement monitoring and can be widely promoted.
We take into account the error of close-range photogrammetry system which is mainly affected by the distance between the camera and the measurement goals. So if we want to improve the measurement accuracy when shooting the photos, we should try to get closer to target point. For example, we can stand the central slope to shoot in a greater upward slope around the hole. We can also divide slope into more parts to shoot or enlarge the camera focus, because the target is smaller. Thus, we can close the shooting distance more flexibly, but it will increase workload. In addition, the targeted mark with a larger size is also a method, but the oversize mark is not easy to make and more difficult to install. Therefore, we are urgent to solve that how to improve the accuracy of close-range photogrammetry better and more easily in the further research.
CONCLUSION
In this paper, a simple slope displacement monitoring system was designed based on PhotoModeler Scanner. Through continuous 68 days monitoring of slope at tunnel face, we got displacement data using closerange photogrammetric measurement and high-precision total station respectively. From our experiments we can conclude:
(1) In this study, the displacement of the slope at tunnel face can be effectively monitored using a close-range photogrammetry system with the ordinary digital camera. The monitoring results accord with the general rule of slope displacement. Moreover, we can get the abundant data of three-dimensional displacement. (2) The measurement accuracy in this system can reach the level of mm. Compared to the values of total station measurement. The overall RMSE is ± 2.8 mm, and the RMSEs of the majority of points are about ± 2.0 mm, which can fully meet the normal requirement of displacement monitoring in construction. (3) Accuracy of close-range photogrammetry is mainly subjected to the distance between the monitoring target and the principal point of photograph, which means that the radial distance of the point is greater, the precision of monitoring is worse. So how to solve this problem is expecting for further research.
